Abstract-This paper presents a new statistical signal reception model for shadowed body-centric communications channels. In this model, the potential clustering of multipath components is considered alongside the presence of elective dominant signal components. As typically occurs in body-centric communications channels, the dominant or line-of-sight (LOS) components are shadowed by body matter situated in the path trajectory. This situation may be further exacerbated due to physiological and biomechanical movements of the body. In the proposed model, the resultant dominant component which is formed by the phasor addition of these leading contributions is assumed to follow a lognormal distribution. A wide range of measured and simulated shadowed body-centric channels considering on-body, off-body and body-to-body communications are used to validate the model. During the course of the validation experiments, it was found that, even for environments devoid of multipath or specular reflections generated by the local surroundings, a noticeable resultant dominant component can still exist in body-centric channels where the user's body shadows the direct LOS signal path between the transmitter and the receiver.
I. INTRODUCTION

W
ITH the advent of body-centric communications, the issue of signal shadowing caused by the human body has once again been brought to the forefront [1] - [5] . Unlike the earlier studies of Obyashi and Zander [6] , which considered shadowing for fixed indoor links, i.e., shadowing brought about by the intersection of the human body with the direct line-of-sight (LOS) signal path, in body-centric systems at least one end of the wireless link will be bodyworn. Dependent upon the body-centric application, e.g., on-body [7] - [9] , off-body [2] , [5] or body-to-body [3] , [4] , [10] , the wireless link may be subject to continuous random shadowing of the dominant signal (including free-space LOS or strong specular) components. For on-body channels, shadowing caused by body parts obstructing the direct link between antennas can cause substantial attenuation of the received signal. In [11] , a significant body shadowing component was clearly identified in dynamic on-body channel measurements made at 2.45 GHz, while in [12] , for simulations also conducted at 2.45 GHz, the differing size and (dielectric) constitution of the arm, leg, and torso was found to have a variable effect upon the shadowing region established on the opposite side of the body to the transmitter. The problem of body shadowing is particularly prevalent for millimeter-wave on-body communications at 60 GHz [13] , where it is postulated that the significant shadowing effect from the human body is expected to make non-line-of-sight (NLOS) communications very difficult, if not impossible.
In off-body channels, although one end of the communications link is not worn, shadowing by the human body will still be an important factor, especially in low multipath environments. For example, in [5] , it was observed that for a chest-worn patch antenna the received signal dropped by 50 dB when the user's body turned to obstruct the main LOS path even at a very short separation distances of 1 m. Body-to-body channels will, therefore, be particularly vulnerable to shadowing as they can suffer from dual node shadowing were both persons' bodies obstruct the main signal path causing the link to be lost altogether even at very short separation distances of a few meters [14] .
Clearly, shadowing caused by the human body can have a considerable effect upon the communications channel. Therefore, to engineer robust hardware such as antennas and transceiver circuitry, optimize protocols and localization schemes [15] to be used in body-centric communications, its impact should be included in statistical models used to describe signal reception. Drawing inspiration from the unlikely source of land mobile satellite communications, where fading channels are known to exist in which the dominant signal component may be subject to shadow fading [16] , [17] , a new model for shadowed body-centric communications channels is derived.
In this model, clusters of multipath waves are assumed to have scattered waves with identical powers, alongside the presence of elective dominant signal components-a scenario which is identical to that observed in -fading [18] . The -distribution is a very general fading model which contains as special cases other important distributions such as the one-sided Gaussian, Rice (Nakagami-), Nakagami-, and Rayleigh distributions. While the model proposed here inherits all of this generality, the critical difference between this model and that of -fading is that the resultant dominant component, formed by phasor addition of the individual dominant components, is This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ assumed to be random. In particular, it is assumed that this resultant dominant component follows a lognormal distribution.
The contribution of this paper is threefold. First, to the best of author's knowledge, it presents a highly novel shadowed fading model for the three main types of channel encountered in body-centric communications. The new model is characterized in two formats, initially in terms of the clustered scatter and resultant dominant components, and then parameterized using the popular and parameters. This model is currently unprecedented in the literature and, due to its very general nature, it will undoubtedly find application well beyond the scope of its intended use for body-centric communications. Second and most important, it provides a thorough empirical validation of the proposed model by comparing its probability density function (pdf) with data obtained from a wide range of experiments which used considerably different experimental setups. Last, the utility of the new formulations is further demonstrated through the simulation of the received signal using the acceptance-rejection method [19] .
The remainder of this paper is organized as follows. In Section II, a discussion of the different propagation phenomena encountered in body-centric communications is presented. The complex signal model proposed for shadowed body-centric communications channels is introduced in Section III. An expression for the pdf of the received signal in this shadowed fading model is also derived in Section III. For convenience, this pdf is also reparameterized into a second format, expressed in terms of and . Section IV persists with the original format of the model and provides an empirical validation for a range of body-centric channels in which shadowing of the dominant components is known to play an important role. The utility of the proposed shadowed fading model is illustrated through the fitting of the new pdf to experimental data alongside simulated data. Finally, Section V finishes the paper with some concluding remarks.
II. SHADOWING IN BODY-CENTRIC COMMUNICATIONS CHANNELS: A DISCUSSION
Due to the dynamic nature of body-centric communications, signal transmission will often be subject to random shadowing events. This is caused by the transmitted electromagnetic waves impinging upon nonhomogenous obstacles, including body matter, which obscure the direct LOS signal path. If we initially exclude the effects of multipath generated by the local environment, in body-centric communications channels where no direct LOS path exists, the wireless link will be maintained by a number of dominant components, including diffracted and creeping (trapped surface) waves [20] . As these dominant components travel from the transmitter to the receiver, they will also form multipath clusters due to signal components being reflected and scattered by the complicated geometrical and dielectric properties of the body [21] . In reverberant environments such as inside of buildings with a high metallic content, additional multipath clusters can also be created which contribute to and in some cases dominate signal reception in body-centric channels [21] .
In on-body channels such as those found in body area networks (BANs), shadowing of wireless nodes situated on the body will be largely due to the obstruction of the direct signal path by human tissue and moving limbs. For example, consider the scenario depicted in Fig. 1(a) , where we have an on-body channel which spans the front-left-waist to the right-wrist positions. As the person moves their right arm from the rest position at the side of the body to the front, and then to the back of the body, the wireless link between the nodes will be subject to quasi-periodic shadowing caused by the wrist moving from the field of view of the front-left-waist node into the shadow region at the side and posterior of the body. When the arm moves to its position of maximum displacement behind the body, the wireless link will be supported by diffracted, surface, reflected, and scattered waves, which may take more than one propagation path around the body. The received signal here will be further supplemented by environmental multipath if it is present.
Off-body communications, between a body-worn device and a transceiver in a different physical location, typically use free-space propagation to communicate. Wireless links in these applications will be particularly susceptible to frequent signal blocking events caused not only by the user's body, but also people and obstacles in the local vicinity. As shown in Fig. 1(b) , the human body can substantially shadow or completely obscure the dominant signal path between the bodyworn antenna and the non-bodyworn transceiver. Similar to on-body communications, the link in this instance will be maintained by diffracted waves propagating around the body and signal scattered from the body and local surroundings. As well as suffering from the same shadowing issues as off-body communications, body-to-body systems [ Fig. 1(c) ] will also suffer from dual node mobility as both ends of the link will be either bodyworn or carried by the user. This may include dual-body shadowing events, when the users are orientated such that their bodies obstruct the main LOS path.
III. A STATISTICAL MODEL FOR SHADOWING IN BODY-CENTRIC COMMUNICATIONS CHANNELS
Before beginning the derivation, it is worth reinforcing one of the main aims of this study which was to develop a statistical model that is capable of simultaneously capturing the shadowing and multipath fading observed in body-centric communications channels. In this respect, the model proposed in the rest of the paper is a single model-that is a channel which is characterized by a single statistical distribution [17] . This is advantageous for body-centric channel modeling as not only is it well suited to the characterization of on-body channels in which separation distances between antennas do not change significantly, but it also provides a statistical description of the local shadowing and multipath fading effects for off-body and body-tobody channels when extracted from the large-scale signal fluctuation traditionally associated with mobile communications [22] .
Given the physical propagation phenomena discussed in Section II, it seems plausible to assume that the received signal in body-centric communications channels is due to the same propagation mechanisms as that encountered in -fading [18] , except in this instance, the resultant dominant component, which is formed by the phasor addition of the LOS components in the channel, is a random variable. In the following, it is assumed that the shadowing of the resultant dominant component in body-centric channels varies according to a lognormal distribution. In the proposed model, the complex received signal envelope may be written as the sum of the resultant scattered waves and the resultant dominant component such that (1) where follows an unknown distribution that will be determined shortly and is assumed to be lognormal distributed. In this model, is the phase of the resultant dominant component and is the stationary random phase process associated with distributed over the range . If is initially held constant, then the conditional pdf of is given by (2) which is that of the -distribution [18] parameterized in terms of , , and , and is the modified Bessel function of the order . Here is related to , , and through the relationship , which is simply the ratio of the total power of the dominant components to the total power of the scattered waves , is related to the multipath clustering, and the mean power is given by (3) To determine the distribution of , we let and note that for small arguments of the Bessel function [23, eq. (9.6.7)] (4) substituting this result into (2) and after some mathematical manipulation gives (5) When , the power is concentrated only in the scattered waves, and the received signal in (1) is due only to and, thus, in this case, the conditional probability density of becomes equivalent to that of , which is (6) By using (3) in (6) and again letting equal zero, it can be shown that the equation above is in fact equivalent to the Nakagami-distribution given by (7) where is equal to the Nakagami-parameter. To determine the distribution of when varies according to the lognormal distribution, we now calculate the conditional mathematical expectation , which gives (8) where (9) Here and are the location and scale parameters, respectively. Substituting (9) into (8) gives (10) Equation (10) is the pdf for the shadowed fading observed in body-centric communications channels based on the model proposed here. It is a new result, which also generalizes Loo's statistical model for land mobile satellite communications channels derived in [16] . This can be obtained from (10) by setting . Unfortunately, no closed-form expression exists for (10), and the integral must be evaluated numerically. However, this can be achieved quite straightforwardly in most mathematical software packages, for example, using the function available in MATLAB. Fig. 2 shows the shape of the new shadowed fading (NSF) pdf for a range of increasing values of from 0.5 to 14.5. The averaged model parameters for , , and given in [16] are used here so that the new model can be directly compared with Loo's model. Although (10) will be considered for the modeling of the shadowed body-centric channels studied in this paper, for completeness, it is also worth considering the parameterization of (10) in terms of , that is the lognormal shadowed -pdf. Assuming that the variation of the resultant dominant component follows (9), it is possible to perform a transformation of variables to find the distribution of . Once again, using the relationship [18] along with (3), it follows that . To obtain the pdf of the transformed variable , we must evaluate which, in turn, gives (11) Finally, to obtain (10) parameterized in terms of , we must calculate the conditional mathematical expectation , where is the -distribution [18, eq. (11)]. The pdf of the received signal infading channels in which the resultant dominant component undergoes lognormal fading is subsequently given in (12) Fig. 3 shows the shape of (12) for a range of different values of .
IV. VALIDATION
A validation of the NSF pdf is now presented for body-centric communications applications. A selection of antenna positions deemed to be most susceptible to shadowing were chosen from a wide range of on-body, off-body, and body-to-body communications channels. It should be noted that, unless otherwise stated, all of the measurements conducted here were performed either in an anechoic chamber or a low multipath (outdoor) environment. These low multipath environments were chosen due their unique characteristics which allow human body effects on signal propagation to be isolated by minimizing environmental multipath contributions. As well as showing the excellent fit to empirical data, the utility of the proposed model is further demonstrated by using (10) as a foundation for acceptance-rejection-based simulation of the received signal for a selection of the body-centric channels [19] .
A. On-Body
To illustrate the usefulness of the new model for characterizing shadowing in on-body channels, three links were chosen from the study performed in [24] , namely, the front-left-waist to the right-head, right-knee, and right-wrist, as shown in Fig. 4(a) . The measurements were conducted at 2.45 GHz in the anechoic chamber facilities at Queen's University Belfast, Belfast, U.K. The chamber had a floor area of 54 m and was housed in conductive shielding and lined with pyramidal radio-frequency (RF) absorbers. The antennas used in this study were compact (5-mm height) higher mode microstrip patch antennas [20] designed specifically for on-body networking applications. The test subject was an adult male of height 1.82 m and mass 90 kg. In the experiments, the antennas were mounted so that the radiating patch element was parallel to the body surface. They were then connected to port 1 and 2 of a Rhode & Schwarz ZVB-8 vector network analyzer (VNA) using calibrated lowloss coaxial cables. The VNA was configured with an output power of 0 dBm and set to record measurements of at 5-ms intervals for 30 s. For all of the measurements presented here, the user performed a walking motion at a set location at the center of a walkway on the right-hand side of the anechoic chamber. Fig. 5 shows a 5-s segment of the normalized received signal envelopes for each of the three on-body channels. The quasi-periodic pattern of the received waveforms caused by the movement (and associated shadowing) of the human body is clearly evident. Fig. 6 shows the NSF pdf fitted to the empirical pdf for each of the three channels. For convenience, the root mean square (rms) signal level is removed from the fading envelopes to enable a direct comparison of the fading characteristics for each of the on-body links. All parameter estimates for the new pdf were obtained using a nonlinear optimization algorithm in MATLAB and are given in Table I . As we can see, the NSF pdf proposed here provides an excellent fit to the measured data confirming the validity of the model when applied to on-body communications channels. Also shown inset in Fig. 6 is the distribution of the resultant dominant component for each of the three links plotted using (9) . As we can see, the resultant dominant component for the front-left-waist to the right-head and right-knee positions show similar shadowing characteristics. As expected, the front-left-waist to right-wrist channel recorded the greatest spread of the resultant dominant component caused by a shadowing process due to the repetitive movement of the arm from the front to the back of the body, as depicted in Fig. 1(a) . Fig. 7 shows the front-left-waist to right-wrist on-body link considered in isolation to highlight improvement achieved by using the new shadowed pdf for on-body channels compared to the -pdf. Here the normalized -pdf [18, eq. (1)] is used, given by (13) where Also shown in Fig. 7 is the simulated output for the front-left-waist to right-wrist on-body channel obtained using (10) with the acceptance-rejection method 1 described in [19] . As anticipated, the simulated and theoretical pdfs are virtually indistinguishable from one another.
Before concluding this section, to test the performance of the model for high multipath environments, Fig. 8 shows the measured and predicted pdfs for the same on-body channels, except this time the measurements were taken in a reverberation chamber. As we can clearly see, the proposed model still provides an exceptional fit to the data. Most interestingly though, the parameter estimates for the channels in the reverberation chamber suggest that a shadowed dominant component still persists, even though for this extreme environment, multipath was expected to dominate. Fig. 7 . Comparison of the NSF pdf and -pdf ( and ) fitted to the empirical pdf for the front-left-waist to right-wrist on-body link. Also shown is the simulated pdf obtained using the acceptance-rejection method [19] . Fig. 8 . NSF pdf fitted to the empirical pdf for each of the three on-body channels in the reverberation chamber. Shown inset is the estimated distribution of the shadowed resultant dominant component for each of the three links.
B. Off-Body
The results used to illustrate the utility of the proposed model for off-body channels were obtained from the field trials conducted in [5] . The experiments were performed in the same anechoic chamber described in Section IV-A. In this instance, the measurement hardware consisted of a NovaSource G6 RF source combined with a Hittite HMC-455LP3 low-noise amplifier configured to transmit a continuous wave signal with a power level of 22 dBm 2 at 2.42 GHz.
The transmit antenna used in this study was a flexible 6.2-dBi patch antenna [5, Fig. 1 ] designed to be resonant on the human body. The antenna had a 10-dB bandwidth of approximately 55 MHz (2.398-2.453 GHz) and was mounted with its ground plane parallel to the body surface of an adult male of height 1.95 m and mass 105 kg, at a height of 1.4 m. The antenna was positioned at the test subject's central chest Fig. 9 . Normalized received signal envelope for off-body channels while the user rotated at distances of 1.5 and 4 m from the receiver.
region [ Fig. 4(a) ] and placed directly on his clothing using a small strip of Velcro® and without the use of a dielectric spacer. The receiver section of the measurement system consisted of an identical patch antenna connected to port 1 of a Rhode & Schwarz ZVB-8 VNA using a calibrated low-loss coaxial cable. The non-bodyworn antenna was mounted vertically on a nonconductive height adjustable stand at an elevation of 1.4 m above the floor level, corresponding to the height of the transmitter antenna. The VNA was then configured as a sampling receiver, recording the wave quantity incident on port 1 at a rate of 1 kHz for all experiments.
Two off-body channels which were anticipated to suffer greatly from body shadowing were investigated. The first scenario considered the rotation of a user in front of the receiver. In this set of measurements, the user rotated 360 (with his hands by his sides) in a counterclockwise direction from direct LOS between the transmit and receive antennas, through to the maximum shadowing condition where the user's body directly obstructed the main LOS path, before returning to LOS. Fig. 9 shows the normalized received signal envelopes as the user performed a rotation at a distance of 1.5 and 4 m from the receive antenna. As noted in [5] , the general shape of the received signal envelope was observed to be comparable irrespective of distance. Fig. 10 shows equation (10) fitted to the empirical probability density of the normalized signal envelope for the rotation data obtained at 1.5-and 4-m positions. The accompanying parameter estimates, obtained using the same process as outlined for the on-body analysis presented in Section IV-A, are given in Table II . As we can see, the NSF model presents a good fit to the experimental data. For the measurements made at a 1.5-m separation distance, the pdf of the normalized received signal indicates that this type of channel is subject to heavy body shadowing as the received signal is most frequently observed to be at low levels caused by the strong fading.
One of the most common scenarios that will be encountered in off-body communications will occur when the user simply walks so that their body obstructs the main LOS signal path [ Fig. 1(b) ]. To investigate this scenario, the user oriented themselves such that the chest-worn antenna was now in direct NLOS to the receive antenna. The user then walked the maximum permissible distance (6.5 m) away from the receive antenna. Fig. 11 shows the NSF and simulated pdfs compared with the empirical pdf obtained by removing the estimated path loss based on the elapsed time and average velocity using the model given in [5] . What is interesting here is that even under NLOS conditions and in the absence of multipath generated by the local environment a resultant dominant signal component still exists.
C. Body-to-Body
The bodyworn nodes used in this part of the validation study consisted of the body sensor node (BSN) platform developed by Imperial College London, London, U.K. [25] and presented in [14] . The transceiver section of the node utilized a Texas Instruments CC2420, which has a linear dynamic operating range of approximately 100 dB, a maximum transmit power of 0 dBm, and a receive sensitivity of 95 dBm. A transmitter node was configured to generate a continuous wave signal with a power level of 0 dBm at 2.45 GHz and a receiver node which was programmed to record the 8-bit received signal strength indicator (RSSI) obtained from the CC2420 every 16 ms. The BSN nodes were modified to replace the on-board chip antenna with the same flexible patch antenna used for the off-body channel measurements described in Section IV-B. Unlike the on-and off-body measurements, the experiments conducted here were performed in an outdoor playing field at the Victoria Park recreational facilities in Belfast, U.K. The measurement environment consisted of a level grass play area which was bounded on three sides by trees and shrubbery and situated beside a soccer pitch adjoining on the remaining side. The area over which the measurements were performed was at least 50 m from each of these boundaries. The transmit and receive nodes were attached without the use of a dielectric spacer to the central chest region of two adult males of height 1.95 m and mass 105 kg (person A) and 1.82 m and mass 95 kg (person B), respectively, using a small strip of Velcro®. As shown in Fig. 4(b) , the units were mounted directly on the test subject's clothing so that the ground plane of the antenna was parallel to the body surface.
The scenarios considered here were identical to those for the off-body channels. The first of these were rotational measurements where persons A and B stood facing one another with a separation distance of 1 m. Person A then performed a full 360 rotation, moving from direct LOS through to complete NLOS (180 ) before returning to an LOS orientation. The estimated probability densities for the normalized signal envelopes recorded at the 1-and 5-m positions are shown in Fig. 12 . The parameter estimates for the shadowed fading model pdf fitted to the data sets are given in Table II . As we can see by comparing Figs. 10 and 12, the characteristics of the shadow fading observed in this scenario are similar to the corresponding off-body channels.
For the mobile NLOS body-to-body measurements, person A started with their back toward person B at a separation distance of 1 m and walked in a straight line to a point 15 m away. As discussed in [14] , due to the received signal regularly extending below the receive sensitivity of the body sensor nodes, only the first 6 s of person A walking in NLOS from person B were used in the analysis presented here. Fig. 13 shows the NSF and simulated pdfs compared with the empirical pdf obtained by removing the estimated path loss using the model given in [14] . Again, similar to the off-body scenario, even though one end of the link was shadowed by the user's body, a resultant Fig. 12 . NSF pdf fitted to the empirical pdf for body-to-body channels during user rotation in the outdoor environment. Shown inset is the estimated distribution of the shadowed resultant dominant component for the two links. Fig. 13 . NSF pdf and simulated pdf compared to the empirical pdf for body-tobody channel obtained for the user walking in NLOS in the outdoor environment. Shown inset is the estimated distribution of the shadowed resultant dominant component for this link. dominant signal component was still observed to be present. It should be noted that the NSF model proposed here unifies the multipath and shadow fading observed over small distances in body-centric channels. Therefore, the parameter estimates given here can be used with the NSF pdf given in (10) in place of the separate model parameters for small body movements and body shadowing proposed in [5] and [14] to simulate off-body and body-to-body channels, respectively.
V. CONCLUSION
A novel statistical model for shadowing in body-centric communications channels has been presented. In this new model, the potential clustering of multipath components is considered alongside the presence of elective dominant signal components-a scenario which is similar to that observed in -fading. One notable difference between -fading and the model proposed here is that the resultant dominant component, formed by the phasor addition of the principal signal components, is subject to lognormal fading. This new model will find application well beyond the intended field of body-centric communications. It will be immediately useful in the study of land mobile satellite communications and other communications scenarios where the main signal paths may be subject to random shadowing. Additionally, the parameterization of this new model in terms of and will provide a useful addition to the growing family of statistics based on the existing -fading model.
Extensive validation of the proposed model has been achieved by considering three of the most commonly encountered body-centric networking applications, namely, on-body, off-body, and body-to-body communications. For each of the scenarios, the NSF model has been shown to provide an impressive fit to fading channels observed in the field. Finally, using the NSF pdf, simulation of the received signal levels likely to be obtained in body-centric communications channels has been achieved.
